Introduction
Chromium is an industrially important expensive metal; the major users of chromium are metal plating, leather tanning and metal alloy manufacturing industries. 1, 2 Some of these industries are the major producers of chromium waste. Chromium(VI) is a toxic element and has been shown to be mutagenic, 3 carcinogenic 4,5 and a strong oxidant. 6 In contrast, chromium(III) exhibits significantly lower toxicity than chromium(VI), 7 but it appears in higher concentrations such as in tannery wastewater.
Numerous studies have been performed to develop efficient separation, preconcentration and recovery processes of metals with a solvent-extraction technique, which is well known to be one of promising techniques to separate and concentrate metals on an industrial scales. In this optic, the purpose of the present study is to determine whether it is possible to recover and recycle chromium(VI) and chromium(III) after chemical or electrochemical oxidization from industrial wastewater via extraction. Several methods were used for the extraction of hexavalent chromium. Among these were methods using methyl isobutyl ketone (MIBK), [8] [9] [10] methyltricaprylylammonium chloride, 11 and triisooctylamine (TIOA), 12 but these methods present the inconvenience of being used for trace amounts of hexavalent chromium, which is not the case in the major industrial wastewater.
The present work shows a study of the extraction of chromium(VI) in acidic chloride media by tributylphosphate (TBP) as well as the influence of different experimental parameters, such as the shaking period, the pH of the aqueous solution, the hydrochloric concentration, the hydrogen and the chloride ion concentrations and the ratio of aqueous-to-organic phase. Next, the effect of the concentrations of various of chemical species on the distribution ratio was investigated by slope analysis technique 13, 14 in order to elucidate the extracted species of chromium(VI) with tributylphosphate (TBP) from acidic chloride media.
Experimental

Apparatus
A flame atomic absorption spectrometer (Perkin Elmer 3100 FSAA, USA) in an air-acetylene flame was used for determining the concentration of chromium(VI) in aqueous phase after appropriate dilution with doubly-distilled water. The instrumental operating conditions are summarized in Table  1 .
The pH measurement was made on a control dynamics digital pH meter (Titrino 716 DMS Metrohm, Switzerland) with a combined glass electrode (Metrohm).
Reagents
All chemicals used were of analytical-reagent grade from Aldrich or Merck, and double-distilled water was used throughout the experiments.
Reagents were prepared by dissolving appropriate amounts of A method is introduced for recuperation of chromium(VI) in water samples by liquid-liquid extraction with tributylphosphate PO(C4H9O)3 (TBP) from acidic chloride media. The optimum conditions for quantitative extraction of Cr(VI) were evaluated by varying the experimental parameters, such as the shaking period, the pH of the aqueous phase, the hydrochloric acid concentration, the hydrogen and chloride ion concentrations, the extractant concentration and the ratio of aqueous-to-organic phase. The probable extracted species of hexavalent chromium in organic phase, deduced from log-log plots, were H2CrO4 in acid media in absence of chloride and HCrO3Cl in acidic chloride media. Chromium(VI) was found to be extracted with tributylphosphate from acidic chloride media according to the following reaction: HCrO4 -(aq) + 2H + (aq) + Cl -(aq) + 2TBP(org)
[HCrO3Cl, 2TBP](org) + H2O(aq). Since the tributylphosphate (TBP) exhibited a high selectivity for chromium(VI), this method can be applicable to the extraction and the determination of chromium in both oxidation states {Cr(VI) and Cr(III)} in water samples. Salt solutions prepared with K2Cr2O7 (p.a, Merck, Germany) in nitric or hydrochloric standard solutions (Titrisol ® , Merck, Germany), were used for studying the influence of the hydrochloric acid and hydrogen-ion concentrations on the extraction of chromium(VI) by tributylphosphate (TBP) (purities: over 98%, Aldrich Chemical Company).
Stock solutions of potassium dichromate prepared in nitric acid (0.5 mol L -1 ) with appropriate amounts of sodium chloride salt added (purities: over 99.9%, N EN T ECH L TD , UK), were used for studying the influence of chloride-ions.
A certified atomic absorption standard containing 1.000 ± 0.003 g L -1 of Cr(VI) (Merck, Germany), was used after appropriate dilution in doubly distilled water for calibration of the FAAS.
Procedure
Equal volumes (50 mL) of aqueous phase and a volume of TBP mixture were shaken for 1 min at room temperature (18 ± 1˚C) and then were returned to original position for 5 min, which was sufficient for complete equilibrium. After phase separation, the pH and the concentration of chromium(VI) in aqueous solutions, were measured with a pH meter and a flame atomic absorption spectrometer, respectively.
The distribution ratio of chromium(VI) is defined by D = Corg/Caq, where Corg and Caq are the equilibrium chromium(VI) concentrations in the organic and aqueous phase, respectively. Caq was determined after appropriate dilution with doublydistilled water of the equilibrium aqueous phase by FAAS and Corg was deduced from the difference between the initial concentration of chromium(VI) in the aqueous phase and the equilibrium concentration in the aqueous phase. The relative standard deviations for three replicate analyses were lower than 1%.
Results and Discussion
Equilibration time
The variation in the equilibration time (30 -300 s) showed that shaking periods of 60 s is sufficient for the quantitative extraction of chromium(VI) by TBP in nitric acid 0.5 mol L -1 . However, it was observed that prolonged shaking has no adverse effects on the extraction (Fig. 1) .
Effect of the pH aqueous phase
The effect of the acidity of aqueous phase on the extraction recovery was examined by varying the pH of 50 mL of dichromate potassium solution prepared in nitric acid from -0.3 to 4 at an aqueous-to-organic phase ratio (r = Vaq/Vorg) of 5. The results are shown in Table 2 .
The recoveries of chromium(VI) in nitric acid media at pH values higher than 1 are very low, but the extraction recovery increases considerably around 0, and then slowly decreased for pH < 0.
The effect of hydrogen-ion concentration in nitric media on the distribution ratio of chromium(VI) was investigated by keeping the concentration of hexavalent chromium at 2.08 g L -1 at an aqueous to organic phase ratio of 5, as shown in Fig. 2 . A log-log plot gave a straight line with a slope of 1.2 for hydrogen-ion concentration varying between 10 -2 and 0.5 mol L -1 , indicating that one molecule of hydrogen-ion has participated in the extraction of one molecule of chromium(VI).
Chromium(VI) may be present in aqueous solutions as chromate (CrO4 2-), dichromate (Cr2O7 2-), hydrogen chromate (HCrO4 -), chromic acid (H2CrO4), hydrogen dichromate (HCr2O7 -), trichromate (Cr3O10 2-) and tetrachromate (Cr4O13
2-
). 15 In acid media and at room temperature, only HCrO4 -, Cr2O7 2-and H2CrO4 are the predominant species. 16 Most studies in the literature seem to favor the dominant specie's dependence on both pH and total Cr(VI) concentration in the solution, with hydrogen chromate (HCrO4 -) and dichromate (Cr2O7 2-) in equilibrium at pH 2 -6 (Eq. (1)), 17 and chromic acid (H2CrO4) is the main compound at pH < 1 (Eq. (2)). (1)
According to Eq. (2) and the result obtained by slope analysis technique (one molecule of hydrogen-ion has participated in the extraction of one molecule of chromium(VI)), the chromium(VI) was probably extracted in acid media (pH < 1) as H2CrO4 in the absence of any chloride. The extraction equilibrium can be written as the following equation :
where n represents the number of molecules of TBP engaged in the extraction of one molecule of chromium(VI) and Kex denotes the extraction constant for the equilibrium Eq. (4) where the subscripts org and aq denote the organic and the aqueous phases, respectively. Equation (4) can be converted to Eq. (5) by combining with Eq. (2) and Eq. (3):
The logarithm of both sides of Eq. (5) (Fig. 3) gave a straight line with a slope of 1.2 for hydrogen-ion concentration varying between 10 -2 and 0.5 mol L -1 . The experimental result is in good agreement with the extraction eqilibrium of hexavalent chromium with TBP in acid media in the absence of chloride as expressed by Eq. (3).
Effect of the nature of acid media
The comparison between three identical solutions adjusted at pH = 0.3 by hydrochloride acid (HCl), nitric acid (HNO3) and sulfuric acid (H2SO4), respectively, at the same ratio of aqueous to organic phase of 5 shows that the yield of extraction was the same in nitric and sulfuric acid (≈60%) but is near 100% (99.5%) in hydrochloric acid. These results prove that the chloride ions have an important effect on the extraction of chromium(VI) by TBP in acidic media.
To confirm these results, we have reported in Fig. 4 the variation of the extraction recovery of chromium(VI) in nitric and hydrochloric acid media at different pH. We can observe that the hydrochloric acid increases considerably the percentage extraction of chromium(VI) at lower acidity (pH ≤ 1). Negligible extraction was obtained for aqueous pH solutions higher than 1 in both acid media.
Effect of the hydrochloric acid concentration
The effect of the hydrochloric acid concentration on the extraction of chromium(VI) was investigated using equal volumes (50 mL) of aqueous solution of hexavalent chromium and 10 mL of tributylphosphate (TBP) as an extractant. The distribution ratio of chromium(VI) increases with increasing the concentration of hydrochloric acid. As shown in Fig. 5 2.1 for hydrochloric concentration varying between 10 -2 and 1 mol L -1 , which indicates that two molecules of HCl are required for one molecule of Cr(VI).
Effect of chloride-ion concentration
The effect of chloride-ion concentration on the extraction of chromium(VI) was investigated by keeping the concentration of Cr(VI) at 1.75 g L -1 and the pH at 0.5 in nitric acid media. As shown in Fig. 6 , a plot of the distribution ratio against the concentration of the chloride ion gave a linear relationship with a slope of 1 in the high-concentration region of chloride-ion, suggesting that one chromium(VI) ion was extracted with one molecule of chloride-ion.
Effect of the hydrogen-ion concentration
The effect of hydrogen-ion concentration on the distribution ratio of chromium(VI) was investigated by keeping the chloride-ion concentration at 0.5 mol L -1 in the aqueous phase, as shown in Fig. 7 . A log-log plot gave a straight line with a slope of 1.9, indicating that the hydrogen ion has participated in the extraction of one molecule of chromium(VI) with two molecules.
Effect of the tributylphosphate concentration
The effect of the tributylphosphate concentration diluted in hexane on chromium(VI) extraction was studied at 0.5 mol L -1 hydrochloric acid concentration. The relationship between the distribution ratio and the concentration of extractant is shown in Fig. 8 . It can be observed that the extraction of chromium(VI) increases along with an increase in the extractant concentration. The slope of the straight line is 2.3, suggesting that one chromium(VI) ion was extracted with two molecules of TBP.
Based on the experimental results, as can be seen from Figs. 6 -8, two molecules of hydrochloric acid react with one molecule of chromium(VI) (Fig. 6 ) or two molecules of hydrogen ion and one molecule of chloride ion were reacted with one molecule of chromium(VI) (Figs. 7 and 8 ). In light of the results obtained, the chromium(VI) is extracted from acidic chloride media and hydrochloric acid media into TPB as HCrO3Cl. 19, 20 The probable extraction mechanism in chloride acid media may be as follows:
The distribution ratio D of Cr(VI) in the extraction TBP in acidic chloride media can be expressed as follows:
According to Eqs. (2) and (7), Eq. (8) can be rewritten as follows:
where Kex denotes the extraction constant for the equilibrium Eq. (3).
The logarithm of both sides of Eq. (9) The experimental plots given by the slope analysis technique are in good agreement with values calculated by using Eq. (10). Consequently, the extraction equilibrium of Cr(VI) with TBP in acidic chloride media can be expressed by Eq. (7).
Optimization of ratio of aqueous-to-organic phases
Ratios of aqueous-to-organic phases of 2, 2.5, 5, 10 and 20 were examined for extraction of chromium(VI) while keeping the concentration of Cr(VI) at 2.08 gL -1 in hydrochloric acid media (0.5 mol L -1 ) and Vaq = 50 mL. It is noted that the tributylphosphate is not diluted in n-hexane (Vorg = VTBP). The results of these experiments are given in Fig. 10 .
Quantitative recoveries of Cr(VI) could be obtained using phase ratios under or equal to 5. With a phase ratio of greater than 10, the recoveries of chromium decrease considerably.
Selectivity
In order to examine the separation of chromium(VI) from a mixture containing chromium(III) was investigated. As shown in Fig. 11 , the tributylphosphate (TBP) exhibited a high selectivity for chromium(VI) from nitric and hydrochloric media over chromium(III) for pH ≤ 1.
Re-extraction recovery of chromium(VI)
In this study, we employed sodium hydroxide solution for the re-extraction of hexavalent chromium species from organic solution. Of the various concentrations of hydroxide solution, 0.5 mol L -1 was found to be the most satisfactory. Under our experimental conditions, the chromium(VI) in organic phase (TBP) could be back-extracted quantitatively into the aqueous solution by using a volume of sodium hydroxide at an aqueousto-organic phase ratio of 0.5.
Conclusion
In principle, by using a TBP in acidic chloride media, we demonstrated the extraction capability and efficiency to remove and separate chromium(VI) from a mixture containing chromium(III). The solvent extraction and back-extraction of chromium(VI) using TBP in acidic chloride media can be applicable for removing chromium from industrial wastewater, as in metal plating factories and tanneries, after chemical or electrochemical oxidation of chromium(III) to chromium(VI).
In the light of the experimental results obtained, hexavalent chromium might be extracted by TBP in two forms, H2CrO4 and HCrO3Cl, in acid media in the absence of chloride and in acidic chloride media, respectively.
Since the recovery percentage of chromium with TBP is higher than 99% in the optimum conditions ([HCl] = 0.5 mol L -1 , an aqueous-to-organic phase ratio lower than 10), this method can be applicable to the extraction and the determination of chromium in both forms {Cr(VI) and Cr(III)} in water samples. 
